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The relative contribution of arteriovenous oxygen (A-V
02) difference to thermally-induced and activity-induced
changes in metabolic rate (V02) were delineated in the toad,

»·

marinus.

In conjunction, the influence of rest and

activity, temperature, and removal of the pericardia! sac on
separation efficiency (Es) in the anuran ventricle was
determined by direct measurement of arterial and venous
percent oxygen saturation (%saturation), using a
microsampling technique.

·:I ~"':~.~;t,~'W
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The site of blood sampling was not critical in the
determination of hemoglobin concentration.

In contrast,

activity status and, secondarily, body temperature
significantly influenced hemoglobin concentration.

Enforced

activity caused a 1.4- to 1.9-fold increase in blood
hemoglobin concentration.
Body temperature influenced neither the arterial %
saturation of resting toads nor venous % saturation of
active toads.

However, animals at 10°c showed elevated

venous % saturation compared to toads at 20° and 30°c.
Arterial % saturation was decreased in active toads at 30°c.
Venous % saturation dropped to similar levels in active
toads at all three temperatures.
The contribution of A-V 02 difference to thermallyinduced changes in V02 remained constant in resting H·
marinus, whereas oxygen extraction was important in
augmenting activity-induced changes in V02 in animals at all
three temperatures.
The elimination of cutaneous respiration resulted in a
12% reduction in venous % saturation, which was reflected in
an increase in the A-V 02 difference.
Low body temperature had an adverse effect on Es (-5%)
in resting toads.

Es was high in resting animals at 20° and

30°C (60% and 45% respectively).

Es during activity was

85%, 79%, and 45% at 10°, 20°, and 30°c, respectively.

3

Removal of the pericardia! sac had no effect on
arterial and venous % saturation or on A-V 02 difference in
active animals at

20°c.

Separation efficiency was also

unchanged by this procedure.
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CHAPTER I
INTRODUCTION
The anuran cardiovascular system has received
considerable attention concerning its ability to separate
deoxygenated from oxygenated blood.

The anuran heart has

septate atria, an aseptate ventricle and a partially divided
bulbus cordis (de Graaf, 1957).

Distinct schools of thought

exist concerning the separation efficiency of such a
configuration.

Foxon and Walls (1947) argued that it

permits random mixing of oxygenated and deoxygenated blood
in the ventricle.

In contrast, Tazawa

~

..aJ... (1979)

presented evidence favoring a highly selective separation of
oxygenated from deoxygenated blood.
The classical hypothesis, as reviewed by Foxon (1955),
maintains that a highly selective distribution of blood is
achieved by:

(1) the trabecular nature of the ventricular

wall, which prevents admixture of blood from the two atria
during ventricular diastole;

(2) shifting of the spiral

valve to direct the flow of deoxygenated blood to the
pulmocutaneous arch during the initial phase of ventricular
systole and to shunt oxygenated blood to the systemic and
carotid arches in the final phase of ventricular
contraction, and;

(3) concomitant changes in resistance of

2

the three arches during the cardiac cycle to direct blood
flow selectively.
This hypothesis has generated considerable debate.

A

trans-illumination study of the heart and arterial trunk of

lUl.f.Q .bY.f.Q and

..Rgng

temporaria (Foxon, 1947)

indicated

neither directional movements of the spiral valve, nor any
differences in time of the movement of blood in the three
arches.

Radiographic studies reveal considerable mixing in

the ventricle (Foxon and Walls, 1947; Foxon, 1951) and a
non-selective distribution of blood in the three arches of
the frog and toad (Foxon, 1951).

A fluorescein-

cinematographic method employed by de Graaf (1957)
demonstrated that in Xenopus laevis the output of the right
atrium is not shunted to the left side of the ventricle in
any appreciable quantity, but an abundant proportion of the
left atrial output is shunted to the right side of the
ventricle.

More recent work using radiolabeled microspheres

(Meyers .e..t .,al. 1979) has demonstrated the selective shunting
of right atrial blood to the systemic and carotid arches in
~

catesbeiana during diving.

During air breathing,

however, bullfrogs exhibited extreme mixing of atrial
outputs in the ventricle.
The anatomical potential for mixing of systemic and
pulmocutaneous blood flows in the undivided ventricle is
clear (de Graaf, 1957).

However, oxygen sampling (Johansen,

1963; Johansen and Ditadi, 1966; Tazawa

~

_gl.,

1979;

3
Withers~

.al., 1987) and radiopaque contrast (Johansen,

1963) have revealed the ability of an aseptate ventricle to
distribute systemic and pulmocutaneous blood selectively.
The oxygen saturation of various blood vessels has
been determined in RY..f.Q paracnemis (Johansen and Ditadi,
1966) and R. catesbeiana (Tazawa

~

.Ql., 1979) using open

chest point microsampling techniques of the central vascular
system.

Oxygen saturation of blood in the carotid arch of

B. paracnemis was 94.3%, while blood in the sinus venosus
was only 14.0% saturated.

Sampling from the same blood

vessels in R. catesbeiana showed a lower degree of
separation, though carotid arch saturation remained
elevated.

Based on the high saturation values observed in

the carotid arch and low saturation of the systemic venous
return, a high degree of ventricular sep•ration efficiency
must exist.

This selective shunting of atrial outputs was

disrupted when the pericardium was incised in the pithed
bullfrog (Tazawa

~

.Ql., 1979), suggesting that distention

of the ventricle decreases separation efficiency.

Although

cardiac output from the ventricle was estimated to be
distributed approximately equally between the pulmocutaneous
and systemic arterial vascular beds (Tazawa

~

..aJ.., 1979),

elevated pulmonary arterial saturation (75.6%) observed in
B. paracnemis (Johansen and Ditadi, 1966) may be due to
shunting of left atrial blood to the pulrnocutaneous circuit
(de Graaf, 1957).

Blood oxygen analysis, radiological
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techniques and intravascular pressure measurements show
selective passage of blood from the right and left atria
through the ventricle to the pulmonary and systemic
arteries, respectively,
1963).

in Amphiuma tridactylum (Johansen,

The trabecular nature of the ventricle, fluid

dynamics and blood pressure changes were all determined to
be important factors in the selectjve distribution of blood
in this species.
Currently, only one study

(Withers~

AJ..,

1987) has

addressed the effect of enforced activity on ventricular
separation efficiency in the anuran heart.

Using arterial

and venous P02 and pH measurements, a hemoglobin loading
curve (Hall, 1966) linearized by a Hill plot, and empirical
calculations (see Tazawa

~.,al.,

1979), minimum ventricular

separation efficiency was estimated to be 83% in active B.
marinus at 22°c.
•
Increased rates of oxygen comsumption (V02) with

enforced activity are accomplished by increases in cardiac
output (heart rate X stroke volume) and the arteriovenous
oxygen (A-V 02) difference.

Withers

~

..£1. (1987)

calculated the relative contribution of heart rate (18%) and
stroke volume (-2%) to increases in V02 with enforced
activity.

Similar results were obtained by Hedrick (1985)

in his investigation of the effects of body temperature and
activity on heart rate and pulse volume.

In that study,

pulse volume through the systemic arch in B. marinus
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remained nearly constant over a wide range of hearts rates

(15-115 beats min- 1 ) •

The calculated percentage

contribution of heart rate to increases in V02 at 10°, 20°,
and 30°C was 4.3%, 18%, and 10%, respectively.

Hillman~

.si.. (1987b) also demonstrated that pulse volume remains
unchanged with enforced activity in B. marinus and

B·

catesbeiana at 20°c.
Since cardiac output contributes only modestly to
thermally- and activity-induced increases in V02, it follows
that A-V 02 difference has been suggested as the principal
means of enhancing V02 in anurans (Becker~ .£l.., 1970;
Carey, 1979; Hedrick, 1985;

Withers~ _gl.,

1987).

This

contribution of A-V 02 difference is estimated to be 100%,
84%, and 88% for increases in V02 during maximal exercise at
10°, 20°, and 30°c, respectively (Hedrick, 1985).
~ .aJ..

Withers

(1987) reported a contribution of 85% to V02 during

maximal activity in~. marinus at 20°c.

In contrast,

the

only study in which the contribution of A-V 02 difference to
changes in metabolic rate was measured directly (Weathers,
1976) reported that thermally-induced changes in V02 are
augmented by increased blood flow rather than increased
oxygen extraction in R. catesbeiana.
Although the relative contribution to increases in V02
by A-V 02 difference has been inferred, the direct
measurement of A-V 02 difference has been measured neither
over a wide range of body temperatures nor during activity.

6

This is complicated by cutaneous respiration, for venous
blood saturation reflects the return of venous blood from

the active tissues and the return of oxygenated blood from
the cutaneous respiratory surface (Roth, 1973).
This investigation attempts to determine the influence
of rest and activity, temperature, and removal of the
pericardium on the separation efficiency of the aseptate
anuran ventricle.

In conjunction, the relative contribution

of A-V 02 difference to thermally-induced, and enforced
activity changes in V02 will be delineated in the toad, B.
marinus, by direct determination of arterial and venous
blood oxygen saturation.

CHAPTER II
MATERIALS AND METHODS
ANIMALS
~

marinus (223-585 g, mean

= 409

g) were purchased

from commercial suppliers and maintained at room temperature
(20°C) with free access to water.

No attempt was made to

feed the animals or control photoperiod.
SURGICAL PROCEDURE
Animals were anesthetized by immersion in a solution
of unbuffered tricaine methanesulfonate (MS-222, Sigma
Chemical Co.).

I outfitted each animal with an occluding

cannula (PE 90)

in the left systemic arch to obtain arterial

blood samples.

This was achieved via a 1-2 cm incision

through the dorsal body surface posterior to the parotoid
gland and lateral to the transverse processes of the
vertebrae to bisect the external and internal abdominal
oblique muscles.

The cannula was secured in the vessel with

Ethicon surgical silk (3-0).

Abdominal muscles and skin

were sutured separately with Ethibond green braided
polyester suture (4-0) and Ethicon surgical silk (3-0),
respectively.

In addition, I implanted an occluding ventral

abdominal cannula (PE 90)

to procure venous blood samples.
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The vessel was exposed via a e.s-1.e cm midventral incision
posterior to the xiphisternum and parallel to the rectus
abdominis muscle.

This cannula was secured in the same

manner used for the systemic arch cannula.

Cannulae were

flushed 24 h post-surgery and after each sampling with
approximately se ul of a heparinized e.7% saline solution.
I

removed the pericardia! sac from four of the animals

via a ventral incision (approx. 1 cm) lateral to the
sternum.

To minimize damage to the musculature, the

pectoralis, deltoid, and cutaneous pectoris muscles were
reflected to expose the external and internal oblique
muscles which were cut (approx. 1 cm) in an anterior to
posterior direction and reflected to expose the heart.
sac was then removed.

The

The ventricle of the heart was drawn

out through the incision to verify the procedure and then
reinserted.

The oblique muscles and the skin were then

sutured separately as described above.
Bleeding was kept to a minimum in all surgical
procedures through careful surgical technique and
electrocoagulation.

Animals were allowed to recover for at

least 24 h before sampling.
EFFECT OF TEMPERATURE ON A-V 02 DIFFERENCE

The effects of low (le 0 c) and high (3e 0 c) temperature
on A-V 02 difference were determined for resting and active
animals.

The experimental procedure consisted of placing

9
each individual in a covered plastic container (29 cm long X
17 cm wide X 12 cm deep) which sat either in constant
temperature baths for the 10° and 30°c regimens, or in open
air at 20°c.

Cloaca! temperature was monitored with a

tele-thermometer (Yellow Springs, OH) and was within +2°c of
the environmental temperature.
Blood samples were taken from resting toads after two
or more hours of temperature equilibration.
not to disturb the animal.

Care was taken

Three blood samples,

approximately 50 ul each, were collected anaerobically in
heparinized capillary tubes from arterial and venous
cannulae over a 20-30 min period to determine hemoglobin
concentration and oxygen content.

Each sample was analyzed

within 2-3 min after it was drawn.
I collected arterial and venous blood samples from
active toads in the same manner as above after three minutes
of repeatedly flipping the animal on its back and allowing
it to right itself.

This is sufficient to attain V02 max in

anurans (Hillman, 1979).

Blood samples were then analyzed

for hemoglobin concentration and oxygen content.
CUTANEOUS CONTRIBUTION TO BLOOD OXYGEN SATURATION
To investigate the contribution of cutaneous oxygen
exchange to blood oxygen saturation I placed animals in a
plastic bag which covered approximately 65% of the body
surface.

The bag was then secured to the animal with a
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large rubber band posterior to the front limbs and anterior
to the parotoid glands.

The bag was filled and emptied

three times with nitrogen.

The nitrogen pressure was then

kept above the ambient pressure by a constant flow of N2.
Arterial and venous blood samples in active toads were then
collected as previously described, and hemoglobin
concentration and oxygen content were determined for these
samples.

Resting blood samples were not collected.

EFFECT OF PERICARDIAL SAC REMOVAL ON A-V 02 DIFFERENCE
After the pericardium was removed, I collected
arterial and venous blood samples from active B. marinus at
room temperature (20°C).

Each sample was analyzed for

hemoglobin concentration and oxygen content.
HEMOGLOBIN ASSAY
Hemoglobin concentration (g Hb/100 ml blood) was
determined for 20 ul samples of blood with the use of a
Bausch and Lomb Spectronic 20 and a hemoglobin assay kit
(catalog no. 525-A, Sigma Chemical Co.).
were generated for each assay.

Standard curves

Within 2-3 min after it was

drawn, the blood sample was placed in Drabkins reagent, with
final hemoglobin determinations being made approximately 4 h
later.
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BLOOD OXYGEN CONTENT
Oxygen content of the blood was determined with a
Chemical Microsensor (Model 1201, Transidyne General Corp.)
connected to an oxygen electrode (Model 730, Transidyne
General Corp.).

The oxygen electrode was fitted to a

water-jacketed plexiglass chamber similar to that described
by Tucker (1967).

Chamber temperature was maintained at

22°c using a circulating constant temperature bath (Forma
Scientific, Marietta, OH).

The chamber contained a Teflon

coated stirring rod propelled by a magnetic stirrer
controlled by a Transidyne General Corp. 1270 precision
controller.

Chamber volume (mean

=

874 + 4 ul) was

determined by weighing a water filled 1 ml syringe before
and after filling the chamber with water.
The oxygen electrode was polarized in the
ferricyanide-saponin solution described by Tucker (1967) at
-0.850 mv for at least 24 hours before calibration.

It was

found that this equilibration greatly increased the
stability of the electrode.

The oxygen electrode was then

calibrated using the procedure outlined by Tucker (1967).
In addition, the oxygen-free standard was bubbled with
nitrogen.

Mean electrode drift was -2.0% for the ambient

standard and ranged from -5.8 to 1.3%.

However, since the

zero standard drifted in the same manner and all
measurements were made as the relative change in the P02,
the true error in this technique is less than that reported.
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The measurement of the oxygen content in each blood
sample required that the sample chamber be filled with a

degassed solution of potassium ferricyanide and saponin.
The partial pressure of this solution was recorded after
equilibration (approx. 2 min).

A 10 ul blood sample was

then injected into the chamber through a small hole in the
top of the chamber cover.

The change in partial pressure

was recorded after equilibration (approx. 1 min) and used in
the calculation:
(1)

Oxygen
Content

=

ll.P02
760 mm

•

C( •

Chamber
Vol.

•

lil
Sample Vol.

where the units for oxygen content are ml 02/100 ml blood,
O(is the solubility coefficient (0.0287) for oxygen in
ferricyanide solution at 22°c, and chamber and sample
volumes are expressed in ul.
CALCULATIONS
Oxygen content was divided by hemoglobin concentration
to give ml 02/g Hb.

This value was then divided by the

hemoglobin 02 capacity value of 1.34 ml 02/g Hb (Guyton,
1981) to yield percent saturation.

A-V 02 difference was

taken to be the difference in the % saturation of the
arterial and venous blood.
Calculation of separation efficiency of the undivided
ventricle is complicated.

The equation used by Tazawa .e..t

Al· (1979) for minimal separation efficiency has been
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abandoned in this study on the basis that it describes
oxygen utilization rather than separation efficiency.
However, a minimal separation efficiency (Es) can be
calculated, assuming that systemic venous return and
pulmonary venous return are not equal and account for 62%
and 38% (Tazawa

~

Jit., 1979) of the blood returning to the

heart, respectively, by the following equation:

( 2)

Es

=

c1ee x .26 ± SY x i.24l
2
100 - c1ee x .26 + SY x i.2~l
Sa -

x

100

2

where Sa

= measured

venous % saturation.

arterial % saturation and Sv

= measured

This equation is based on the

assumption that left atrial blood is 100% saturated with
oxygen.

If left atrial blood is less than 100% saturated

than Es is greater then calculated.

If Sv greater than Sa

then Es will be negative.
STATISTICS
Means and 95% confidence intervals are presented.

A

one-way ANOVA and Scheffe's multiple comparison test were
used to determine significance of differences between three
or more means (Zar, 1984).

Paired t-tests were used to

determine significant differences between two means.
minimal level of significance was taken as P<.05.

The

CHAPTER III
RESULTS
HEMOGLOBIN CONCENTRATION, % SATURATION
AND A-V 02 DIFFERENCE
Means and 95% confidence intervals for hemoglobin
concentration, % saturation of arterial and venous blood,
and A-V 02 difference for resting and active B. marinus at
different body temperatures are presented in Table I.

The

site of blood sampling is not critical in the determination
of hemoglobin concentration, as shown by the lack of a
significant difference {p>.05) between arterial and venous
hemoglobin concentrations in both resting and active animals
at each temperature {Figure 1).

In addition, I observed no

significant difference (p>.05) between resting arterial and
venous hemoglobin concentrations in toads at 10° and 20°c,
nor between toads at 20° and 30°c.

However, arterial and

venous hemoglobin concentrations in resting toads at 10°c
were significantly lower {p<.05) than arterial hemoglobin
concentration in toads at 30°C.

In contrast, the activity

status, and secondarily, body temperature influenced
hemoglobin concentration.

Arterial and venous hemoglobin

concentrations in active B. marinus at all three
temperatures were significantly higher (p<.05)

than previous

15

TABLE I
EFFECT OF BODY TEMPERATURE ON. BLOOD HEMOGLOBIN CONCENTRATION
AND SATURATION PARAMETERS IN ~STING
AND ACTIVE llY.f.Q marinus

Hemoglobin
Cg Hb/100 ml)

Condition

Hemoglobin
Saturation

w

Art.

4.5(4.1-5.0)

84 ( 79-90)

Ven.

4.6(4.2-5.0)

75(70-80)

Art.

4.7(4.1-5.3)

98(94-101)

Ven.

4.8(4.1-5.5)

78(71-86)

Art.

6.3(5.8-6.9)

93 ( 91-95)

YJm.t

5.7<5.3-6.21

75 (70-79)

Art.

7.1(6.5-7.8)

97 ( 93-101)

Ven.

8.1(7.4-8.7)

29(25-32)

Art.

8.9(8.3-9.5)

93(90-96)

Ven.

8.5(8.0-9.0)

38(32-43)

Art.

8.7(8.2-9.3)

74(71-77)

~

8.1(7.6-8.5)

26(22-30)

10°C

Rest

10(2.8-17)

20°C

19(10-28)

30°C

19 ( 13-24)

10°C

Active

Arteriovenous
Difference
Cl Sat. l

68(62-74)

20°c

55(50-61)

30°C

50(47-53)

*Means and 95% confidence intervals are presented. Mean
values are based on 24 determinations (8 animals, 3
determinations per animal).

16

10

-

10uC
I

B-

.

6

-

I
I

I

4

-

l

I
I

I

2.

.

.

0

A/Art.

A/Art.

A/Ven.

A/Ven.

;:;0
0
.......

a::i

.......
e
c
c.....

~
.El
c..J

:z:

Cl
c..J

:z:
1--4
a::i
Cl
_J

10

-

2ovc

864.

I
I

I

I

I

I

I

I

2.

0

c..!J
Cl
:::E
UJ

A/Art.

A/Art.

A/Ven.

A/Ven.

::c:

10

-

30°C

864

I

I

I

I

I
I

I

I

-

2-

0

R/ Art.

A/ Art.

A/Ven.

A/Ven.

Figure 1. Arterial (Art.) and venous (Ven.)
blood hemoglobin concentration (g Hb/100 ml)
during rest (R) and activity (A) at different
body temperatures in ~- marinus. Means and
95% confidence intervals are presented.
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resting levels (Figure 1).

Active arterial and venous

hemoglobin concentrations were not significantly different

(p>.05) among temperatures, except that arterial hemoglobin
concentrations of active toads at 10°c were significantly
lower (p<.05)

than those of toads at 20°c.

Body temperature influences neither resting arterial
nor active venous % saturation.

However, low and high body

temperatures appear to affect resting venous and active
arterial % saturation, respectively.

There was no

significant difference (p>.05) between arterial and venous %
saturation in resting B. marinus at 10°c.
saturation was significantly lower (p<.001)

However, venous %
than arterial %

saturation in resting animals at 20° and 30°C (Figure 2) •
There was no significant difference (p>.05)

in resting

arterial % saturation at all three temperatures.
saturation remained elevated during activity in

Arterial %
B. marinus

at 10° and 20°c and was not significantly different (p>.05)
than previous resting levels.

In contrast, arterial %

saturation in active animals at 30°c was significantly lower
(p<.001)

than resting arterial % saturation at this

temperature (Figure 2).
activity (Figure 2).

Venous % saturation dropped with

There was a significant difference

(p<.001) between active and resting venous % saturation at
all three temperatures.
difference (p>.05)
temperatures.

However,

there was no significant

in active venous % saturation between
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The contribution of A-V 02 difference to thermally
induced changes in V02 remained constant in resting toads.
However, oxygen extraction played an important role in
supporting activity-induced changes in V02.

Resting A-V 02

differences were not significantly different (p>.05) among
the three temperatures (Figure 3).

However, active A-V 02

differences were significantly greater (p<.001) than
corresponding resting levels at all three temperatures.

The

magnitude of this increase ranged from a 2.6-fold increase
in B. marinus at 30°c to a 6.8-fold rise in toads at 10°c
(Table I).

The A-V 02 difference in active B. marinus at

10°c was significantly greater (p<.05) than that of toads at
20° and 30°c (Figure 3).

No significant difference (P>.05)

in A-V 02 difference was noted during activity in animals at
20° and 30°C.
CUTANEOUS CONTRIBUTION TO BLOOD OXYGEN SATURATION
Means and 95% confidence intervals for hemoglobin
concentration and % saturation of arterial and venous blood,
along with A-V 02 difference, for active B. marinus exposed
cutaneously to ambient air and nitrogen environments at 20°c
are presented in Table II.

The elimination of cutaneous

respiration caused a decrease in the venous % saturation
which is reflected in an increased A-V 02 difference in
active B. marinus.

Arterial % saturation in toads exposed

to ambient air was significantly greater (p<.01) than
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TABLE II
EFFECT OF AMBIENT AIR AND NITROGEN ENVIRONMENTS ON BLOOD
HEMOGLOBIN CONCENTRATION AND SATURATION
PARAMETERS IN ACTIVE lW.f.Q marinus

Hemoglobin
Condition

Cg Hb/100 mll

Hemoglobin
Saturation
(%)

Art.

7.8(7.1-8.2)

83 ( 80-87)

Ven.

7.0(6.5-7.5)

26 (22-31)

Art.

7.2(6.6-7.7)

79 ( 75-83)

Y~n.

61:Z!6.J-:Z12l

1~(11-16}

Ambient Air

Arteriovenous
Difference
Ci Sat,)
57(51-64)

Nitrogen

65(60-71)

*Means and 95% confidence intervals are presented. Mean
values are based on 21 determinations (7 animals, 3
determinations per animal) •
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arterial % saturation when the integument was exposed to a
nitrogen environment.

In addition, venous % saturation was

significantly lower (p<.001)

in toads exposed cutaneously to

a nitrogen atmosphere (Figure 4).

In the nitrogen

environment, venous % saturation was reduced approximately
12% from that in ambient air.

This change in venous %

saturation was reflected in an increase of the A-V 02
difference, which was significantly higher (p<.001)

in B.

marinus exposed to a nitrogen environment.
EFFECT OF PERICARDIAL SAC REMOVAL ON A-V 02 DIFFERENCE
Means and 95% confidence intervals for hemoglobin
concentration, % saturation of arterial and venous blood,
and A-V 02 difference for active B. rnarinus at 20°c,

intact

and with the pericardium removed, are presented in Table
III.

There was no significant difference (p>.05)

in

arterial % saturation, venous % saturation, or A-V 02
difference in animals with or without a pericardium (Figure
5) •

SEPARATION EFFICIENCY
Low body temperature lowered Es in resting toads.

Es

was relatively high in resting animals at 20° and 30°c and
in active toads at low body temperature.

Es remained

unchanged with activity at higher body temperatures.

The

calculated minimal Es was significantly reduced (p<.05)

in
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TABLE III
EFFECT OF PERICARDIAL SAC REMOVAL ON HEMOGLOBIN
CONCENTRATION AND SATURATION P~RAMETERS
IN ACTIVE 1llll.Q marinus

Hemoglobin
lg Hb/100 mll

Condition
Intact
Pericardium
Pericardium
Removed

Hemoglobin
Saturation
(%)

Art.

7.9(7.0-8.9)

84 (79-90)

Ven.

7.2(6.3-8.0)

24(20-28)

Art.

6.5(5.7-7.4)

83 (79-87)

Y~D1

f2 I 0 '5 I 2-6 I 2 l

20(15-25}

Arteriovenous
Difference
C% Sat.)
61(54-69)

63 ( 57-6 9)

*Means and 95% confidence intervals are presented. Mean
values are based on 12 determinations (4 animals, 3
determinations per animal) •
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resting ~- marinus at 10°C from that of toads at 20° and
30°c (Figure 6) •

Es in resting toads at 20° and 30°c was

60% and 45%, respectively.

There was no significant

difference (p>.05) between resting Es of animals at 20° and
30°c.
(-5.0%)

Es was significantly elevated (p<.05)

from rest

in active (85%) lL.. marinus at 10°c (Figure 6).

However, there was no significant difference (p>.05) between
resting and active Es of toads at 20° and 30°c.
Furthermore, there was no significant difference (p>.05)
between Es of active animals at 10° and 20°c.

The Es of

active toads at 10° and 20°c was significantly higher than
that of active toads at 30°C.

Pericardia! sac removal had

no effect (p>.05) on Es in active B. marinus at 20°c (Figure
7) •
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CHAPTER IV
DISCUSSION
This analysis of the separation efficiency of the
anuran ventricle, along with the relative contribution of
A-V 02 difference to thermally- and activity-induced changes
in V02, introduces a problem not yet fully recognized in
anuran cardiovascular physiology.

There was a 1.4- to

1.9-fold increase in blood hemoglobin concentration and
therefore oxygen content with enforced activity, the
magnitude of this increase was dependent on the activity
status of the animal (Table I).

Animals at 30°C, which

exhibited irritability with the resting protocol,
experienced the smallest increase in hemoglobin
concentration.

Tufts

~.al.

(1987) reported a 1.5-fold

increase in hematocrit (Hct) of B. marinus at 22°c following
a 30 minute bout of exercise.

A 1.4-fold increase in Hct

has been observed in B. marinus exercising at 2s 0 c
~

.£l., 1980) and in X· laevis

(Boutilier~

(McDonald

.£1., 1986).

Handling stress (MbangKollo and de Roos, 1983) and the
administration of epinephrine and norepinephrine (Herman,
1977; MbangKollo and de Roos, 1983) have also been
implicated in elevating Hct in R. catesbeiana.
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A direct comparison can be made of the increase in
hemoglobin concentration I measured with previous changes
reported in Hct following activity.

Experiments have shown

that activity-induced increases in Hct are not the result of
erythrocyte swelling
marinus and

B·

(Tufts~

.al.., 1987).

Moreover,

a.

catesbeiana have been shown to defend red

blood cell volume over a wide range of osmotic
concentrations (Zygmunt, 1984) •

This investigation supports

the hypothesis that the increase in hemoglobin concentration
with enforced activity is a result of an increase in the
circulating number of erythrocytes relative to plasma, a
conclusion also reached by Tufts

~

.aJ... (1987).

Several physiological mechanisms have been proposed to
account for this hemoconcentration with administration of
catecholamines and enforced activity.
,.al.

Although Boutilier

~

(1986) make an argument for the uptake of plasma during

activity by osmotically rich muscle cells, there are
discrepancies in their data, as noted by the authors.

The

mobilization of stored erythrocytes from the spleen and/or
visceral reservoirs has also been suggested (MbangKollo and
de Roos, 1983).

However,

it seems unlikely that the

magnitude of the changes in hemoglobin concentration I
measured during activity can be accounted for by this
diminutive organ and its meager erythrocyte reservoir
(personal observation).

Hillman~

..a.J.. (1987a) have

recently shown that the balance of forces in the anuran
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vascular system favor ultraf iltration in the capillary beds,
even at rest.

Increases in blood pressure during activity

would augment this process.

Thus, a loss of plasma volume

via ultraf iltration may account for the rise in hemoglobin
concentration during activity.

This fluid could then be

returned to the vascular space via the lymphatic system
during recovery.

Baustian (1986)

reported that B. marinus

can fully recover from an acute loss of 20% of blood volume
within 20 min by mobilization of extra-vascular lymph.

This

mechanism could return hemoglobin concentration to normal
resting levels in a relatively short period of time.
~

Tufts

..aJ.. (1987) report that Hct returned to pre-exercise

levels within 1 h.
Considering the hemoconcentration which results from
increased activity in B. marinus, comparisons of blood
oxygen content between animals at rest and during activity
are misleading when only absolute concentrations of oxygen
are reported.

A more appropriate method would be to take

into account changes in hemoglobin concentration with
activity and to express oxygen content as % saturation.
The values for mean resting arterial % saturation

(84-98%) are similar to those previously reported in the
literature for B. marinus

(Withers~

..aJ.., 1987), B.

paracnemis (Johansen and Ditadi, 1966), and R. catesbeian9
(Tazawa ~ _gl., 1979) at room temperature.
no effect on resting arterial % saturation.

Temperature had
This contrasts
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with Weathers's (1976)

report of a decrease in arterial %

saturation in B- catesbeiana acclimatized to 20°c compared

to that of animals at

s 0 c.

However,

it should be noted that

the values for heart rate reported by Weathers (1976)

for

supposedly resting animals correspond to those reported for
active R. catesbeiana

(Hillman~

..a.i., 1987b).

Mean arterial % saturation of active B. marinus at 10°
and 20°c were not different from resting values, whereas
saturation declined in animals at 30°c.

Considering the

high heart rates in active toads at 30°C (Hedrick, 1985),
this reduction in arterial % saturation is most likely due
to admixture of systemic venous and pulmonary blood in the
aseptate venticle of B. marinus as a result of decreased
filling time.
At rest, mean venous % saturation in animals at 10°c
resembled that of resting arterial % saturation.

Resting

venous % saturation of toads at 20° and 30°c in this
investigation correspond to values reported for B. marinus
at 20°c (Withers~ ..9..l., 1987).

Activity caused a decrease

in venous % saturation at all three temperatures (Figure 2).
Withers

~

..9..l. (1987) reported a similar reduction in venous

% saturation in B. rnarinus at 20°c with enforced activity.

It is interesting to note that open chest point
microsampling techniques reveal reduced venous % saturation
in B. paracnemis (Johansen and Ditadi, 1966) and
catesbeiana (Tazawa

~

~

..9..l., 1979) similar to values reported
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here and to those reported by Withers ..e.t ..Ql.

(1987) for

active B. marinus.

Resting A-V 02 difference was the same in toads at all
three temperatures (Figure 3).

Therefore, thermally-induced

•
changes in resting V02
could be accounted for by changes in
blood flow as reported by Weathers (1976).

However, caution

should be used in comparing the results of this
investigation to those of Weathers (1976), since the heart
rates reported by Weathers suggest the animals were not at
rest.
The decrease in venous % saturation with activity at
all three temperatures increased the A-V 02 difference
(Figure 3) , with the greatest increase at 10°c.

Thus, the

increase in V02 associated with activity results primarily
from an increase in oxygen extraction, verifying hypotheses
formulated by other authors

1979; Hedrick, 1985;

(Becker~

Withers~~.,

_gl.,

1970; Carey,

1987).

Active arterial % saturation in toads exposed
cutaneously to a nitrogen environment was less than when the
integument was exposed to ambient air, but the magnitude of
this change was only slight (4%).

This reduction in

arterial % saturation may be due to the inhalation of
nitrogen during the experimental procedure, even though I
tried to eliminate respiratory contamination, or ventricular
admixture.

The decrease in venous % saturation (12%

reduction) of active toads exposed cutaneously to a nitrogen
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environment gives the first reported contribution of
cutaneous respiration to venous % saturation (Figure 4) •

This is a conservative estimate, however, because the entire
cutaneous respiratory surf ace was not exposed to the
nitrogen environment.

Although arterial % saturation was

reduced in animals exposed cutaneously to nitrogen, the
large decrease in venous % saturation resulted in an
increased A-V 02 difference of active toads under these
conditions.
Using Hedricks (1985) blood flow rates and V02
measurements for resting and active B. marinus at 10°, 20°,
and 30°C, an attempt was made to determine the relative
contributions of the product of blood flow rate and A-V 02
difference to thermally- and activity-induced changes in
•
•
V02.
It was found that 41%, 71%, and 67% of the resting V02
at 10°, 20°, and 30°c, respectively, could be accounted for
by this product.

During activity the values change to 65%,

85%, and 34% for animals at 10°, 20°, and 30°c,

respectively.

Taking into account cutaneous respiration by

increasing the A-V 02 differences by 12%, the values for
resting B. marinus at 10°, 20°, and 30°C increase to 89%,
118%, and 83% and those for activity increase to 105%, 100%,

and 41% in animals at 10°, 20°, and 30°c, respectively.
Withers~ .,al.

(1987) predicted 34% of the increase in V02

could be accounted for by the product of blood flow rate and
A-V 02 difference in active toads at 20°c.

However, the
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value of such predictions is questionable.

First, the blood

flow rates reported by Hedrick (1985) are only for the
systemic arches; the measurement of stroke volume by blood
flow is presently not possible.

Second, since the

measurement of stroke volume remains elusive, it is
important to know the contribution to V02 by the musculature
receiving blood via the systemic arches, which has not been
elucidated.

Third, hemoglobin concentrations were not

measured for the animals used by Hedrick (1985); as
previously mentioned, these values are important when
•
considering thermally- or activity-induced changes in V02 in

B. rnarinus.

Moreover, the contribution of cutaneous

respiration to venous saturation during rest would decrease
due to a decrease in the gradient for the flux of oxygen to
the vasculature.

The only way to determine the relative

contributions of blood flow rate and A-V 02 difference is to
•
obtain V02,
heart rate, stroke volume, and A-V 02 difference

from the same animal, which presently is not possible.
However,

it is important to understand that although

complications remain in estimating the relative contribution
of blood flow and A-V 02 difference to changes in V02,
increased oxygen extraction plays a central role to augment
activity-induced changes in V02.
Using assumptions noted earlier (see methods) minimal
Es was -5.0% in resting B. marinus at i0°c.

However,

resting Es in toads at 20° and 30°C improved to 60% and 45%,
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respectively (Figure 6).

Activity elevated Es in animals at

10°c to 85% while Es in toads at 20° and 30°C was not

statistically different at 79% and 45 %, respectively.

The

decreasd Es in resting toads at 10°c may be the result of
decreased heart rates (Hedrick, 1985) in animals at this
body temperature.

This results in a decreased transit time

of blood passing through the heart, allowing increased time
for admixture of systemic venous return and left atrial
output.

In addition, the huddling posture of toads at low

body temperature may play a role in disrupting flow through
the ventricle.

Furthermore, the decrease in V02 (Hedrick,

1985) and elevated venous % saturation in toads at low body
temperature may not necessitate selective shunting of atrial
outputs.

It is possible that the decrease in Es of toads at

30°c may result from elevated heart rates at this

temperature (Hedrick, 1985), which disrupt cardiac shunting
efficiency and thus reduce arterial % saturation.
Withers

~

AJ.. (1987) reported resting separation

efficiency (28%) in B. marinus to be lower than the values
reported here, while separation efficiency during activity
(83%) was higher than the values for toads at 20°c in this
investigation.

This is because Withers

~

utilized a calculation derived by Tazawa

~

al. (1987)

AJ.. (1979)

which, in my opinion, incorrectly describes separation
efficiency and more accurately characterizes oxygen
utilization.

Therefore, this equation predicts a decreased
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separation efficiency for resting animals while separation
efficiency of active animals is elevated.
Using data from Withers

~ .,gl.

(1987) and the

calculation I derived for Es , resting Es becomes 77% while
Es during activity increases to 87%.

Although these values

are elevated compared to those for toads at 20°c in this
investigation, it provides further evidence that the Es of
the aseptate ventricle is high.
Ditadi (1966)
(1979)

Data from Johansen and
~

for B. paracnemis and from Tazawa

_gl.

for R. catesbeiana yield similar Es values when

utilizing the equation derived in this study.
to the findings of Tazawa

~

In contrast

Jll. (1979), I found no effect

of pericardia! sac removal on Es in active B. marinus at
20°c (Figure 7).
In summary, these data support the contention that the
anuran ventricle selectively shunts atrial outputs during
rest and activity and that this selective shunting is
disrupted in resting B. marinus at low body temperatue
c10°c) and active toads at high body temperatures (30°C) •
Removal of the pericardia! sac has no effect on Es.
addition,

.

In

it is clear that although thermally-induced

.

changes in V02 may be augmented by blood flow (Weathers,
1976), the increase in the A-V 02 difference with activity
found in this investigation shows that increased oxygen
extraction plays a central role in producing the
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approximately 10-fold increase in V02 (Hedrick, 1985) with
enforced activity.
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